Introduction Chemesthetic compounds, responsible for sensations such as burning, cooling, and astringency, are difficult stimuli to work with, especially when the evaluation task requires retasting. Methods Here, we developed a protocol by which chemesthetic compounds can be assessed using sorting. We compared the performance of two cohorts of untrained assessors on this task, one with nose clips and the other without. Similarity matrices were analyzed using multidimensional scaling (MDS) to produce perceptual maps for the two cohorts Results Overall, the groupings from the nose-open cohort tended to follow a biological basis, consistent with previous findings that suggest compounds that activate a common receptor will elicit similar sensations. The nose-open and nosepinched cohorts generated significantly different maps. The nose-pinched cohort had a higher variance in the MDS solution than the nose-open group. While the nose-open cohort generated seven clusters, the nose-pinched cohort generated only two clusters, seemingly based on the ready identification of chemesthetic sensations or not. There was less consensus regarding the attributes used to describe the samples in the nose-pinched cohort than in the nose-open cohort as well, as this cohort collectively generated more attributes but fewer were significant in regression. Conclusion Sorting can be used with orally delivered chemesthetic stimuli in naive assessors, and the resulting perceptual maps differ when nose clips are worn.
Introduction
Multidimensional Scaling (MDS), originally developed by Torgerson 1952 , is a family of multivariate statistical techniques that are commonly used to visually represent the similarity of items within a data set. These methods can be used to construct perceptual maps that pictorially represent the magnitude of perceptual distances between stimuli and provide information on how participants group these samples. These techniques, reviewed by Popper and Heymann (1996) , have been used for odorants (Chollet and Valentin 2000; Lawless 1989 ), tastants (Schiffman and Erickson 1971) , and foods , but have not previously been applied to chemesthetic stimuli. Compared to other descriptive techniques, such as flash profiling and Bcheck-all-that-apply^(CATA), which rely heavily on semantic labels to describe sensation, MDS allows the researcher to explore attributes that are difficult to verbalize and offers the advantage that there is no need to use words to judge similarities (Nestrud and Lawless 2010; Schiffman et al. 1981; Valentin et al. 2012) . Participants are free to choose the criteria that they use to make judgments, regardless of whether they have specific words to express these similarities or differences.
Data input for MDS can be any sort of similarity (or dissimilarity) measure such as correlations across rated attributes, interpoint distances, as in napping, direct ratings of pairwise Electronic supplementary material The online version of this article (doi:10.1007/s12078-015-9178-7) contains supplementary material, which is available to authorized users.
comparisons, or frequency counts (e.g., the number of times that stimuli are placed in a group together), as in sorting (Lawless and Horne 2000; Lawless 1989; Nestrud and Lawless 2010; Rosenberg and Park Kim 1975) . One of the advantages of using similarity-based judgments versus multiple attribute scales to collect MDS data is the lack of linguistic contamination. Because MDS can be conducted without expressly relying on words, it is particularly useful when working with sensations, such as those produced by chemesthetic compounds, which may be unfamiliar, semantically unwieldy (i.e., BIs it 'hot-hot' or 'spicy-hot'?^), or otherwise difficult to describe (Bennett and Hayes 2012; Cliff and Heymann 1992; Cliff and Green 1996) .
When collecting similarity estimates via pairwise comparisons, participants must judge the level of similarity between all pairs of stimuli. Collecting data in this way quickly becomes difficult for participants, as the number of pairs assessed increases rapidly with the number of stimuli ([N (N −1)]/2 ratings for N stimuli, i.e., 11 stimuli require 55 paired comparisons). Accordingly, pairwise comparisons are not well suited for stimuli in which fatigue, adaptation, or sensitization or desensitization are a concern, as with some tastants, odorants, or chemesthetic stimuli. One alternative technique, sorting, takes much less time and allows for many more stimuli to be tested in a single session. In a sorting task, participants place samples into groups based on perceived similarities and dissimilarities (Rosenberg et al. 1968; Rosenberg and Park Kim 1975) . Sorting was first introduced into the chemosensory literature by Lawless specifically to deal with highly fatiguing stimuli (Lawless 1989; Lawless and Glatter 1990) .
One advantage of using free sorting is that the maps are reproducible (Cartier et al. 2006; Chollet et al. 2011; Falahee and MacRae 1997; Lelièvre et al. 2008 ) and untrained assessors can generate maps comparable to those generated using traditional descriptive analysis techniques (Faye et al. 2004; Saint-Eve et al. 2004 ) without the substantial time required for descriptive profiling techniques (e.g., Spectrum Method, or QDA). Additionally, it is possible to ask assessors to provide descriptions of individual stimuli or groups once sorting is complete. Asking assessors to provide their own descriptors instead of asking for ratings on attribute scales predetermined by the experimenter provides insight into the perception of and preference for stimuli in the sample set using attributes that are salient to the study participants (Blancher et al. 2012; Cartier et al. 2006; Chollet and Valentin 2000; Faye et al. 2004 Faye et al. , 2006 Holliins et al. 1993; Lawless 1989; Lawless et al. 1995; Lelièvre et al. 2008; Lim and Lawless 2005; Saint-Eve et al. 2004; Tang and Heymann 2002) . Optionally, cluster analysis can then be used to gain additional information to aid in data interpretation by helping to differentiate groups of products as determined by consumers (Lawless 2013; Nestrud and Lawless 2010) .
Given the self-and cross-sensitization and desensitization commonly observed with chemesthetic agents (Cliff and Green 1994; Dessirier et al. 2001; Green 1989; Green 1991; Green and Rentmeister-Bryant 1998; Jancso et al. 1977; Klein et al. 2013; Prescott and Stevenson 1996a; Prescott and Swain-Campbell 2000; Simons et al. 2003) , designing an evaluation protocol for these stimuli can be cumbersome. Given the risk of fatigue, potential lapse of participant attention, sensitization, and desensitization that may occur, free sorting is potentially better suited to collecting data when working with chemesthetic compounds, as a pairwise comparison procedure would be extremely lengthy, on the order of 4 or 5 h. Sorting is also well suited for the present study as it does not require participants to use words to classify sensations while they sample and group the stimuli, thus avoiding the linguistic confusion that surrounds chemesthetic sensations (Bennett and Hayes 2012; Cliff and Heymann 1992; Cliff and Green 1996) . While qualitative differences in pungency had been alluded to previously (Govindarajan 1979; Lawless 1989; Todd et al. 1977) , the first formal study was conducted by Cliff and Heymann (1992) , who used traditional descriptive analysis techniques to characterize the oral irritancy elicited by various chemesthetic compounds. Stimuli were compared using four attributes (burning, tingling, numbing, and overall irritation) in addition to temporal and spatial characteristics. Importantly, while this seminal work provides the first quantitative characterization of perceptual differences across irritants, use of traditional descriptive analysis potentially limits generalizability to untrained assessors, or to other chemesthetic stimuli that are not described by the attributes generated from the training set. Another key study in exploring oral chemesthesis was conducted by Bertino and Lawless (1993) , in which MDS was used to understand mouthfeel attributes of oral healthcare products. In this study, participants sorted 21 cards with terms referring to Bmouthfeel^sensations and tastes into groups, generating four groups clustering around sensations elicited by tastes, astringents, local anesthetics, and painful sensations. While the authors hypothesized that sorting with actual sampled stimuli would produce similar responses, such a study was not conducted. We build on these prior reports by providing sampled stimuli to participants in a sorting task.
Here, we developed a novel delivery system and testing protocol to allow us to explore the underlying dimensions of oral chemesthesis related to the perception of Bspicy.^We presented participants with nine stimuli that were previously shown to evoke a wide range of chemesthetic sensations (Albin and Simons 2010; Bennett and Hayes 2012; Bryant and Mezine 1999; Cliff and Heymann 1992; Cliff and Green 1994; Green 1991; Gwartney and Heymann 1995; Klein et al. 2013; Lawless and Stevens 1988; McDonald et al. 2010; McKemy et al. 2002) , but that may all be called Bspicy^col-loquially; two taste stimuli were also included in the sorting task. Free sorting was conducted with naive assessors who were split into two groups, a group that completed the task without nose clips and a group that wore nose clips. As a number of these chemesthetic agents have strong aromas (e.g., eucalyptol and cinnamaldehyde), we included a Bnosepinched^condition with nose clips to minimize the possibility that olfaction was used as a panelists' primary criteria for sorting. Inclusion of a nose-pinched condition allows data to be compared to prior work by Cliff and Heymann 1992 , while data collected in the nose-open condition is more representative of the experience when these compounds are consumed in food. Utilizing free sorting, MDS, cluster analysis, and regression, we investigated the perceptual similarities of various chemesthetic stimuli in a set of untrained assessors.
Materials and Methods

Overview
This study was performed in two separate groups of individuals (n's=30 and 31). All conditions, stimuli, and instructions were the same in the two groups, with the exception that the second group was required to wear a nose clip for the entirety of the testing session. All data were collected with the approval of the local Institutional Review Board and the informed consent of participants.
Participants
Participants were recruited from the Penn State campus and the surrounding area. To be eligible, individuals needed to be nonsmoking, fluent English speakers between 18 and 55 years old, with no known food allergies or defect of taste or smell. Additional exclusion criteria included being pregnant or nursing, taking prescription medication for any chronic pain condition, having known difficulties swallowing, or a history of thyroid irregularities. As sorting procedures have been shown to stabilize with around 25-30 subjects (Faye et al. 2006; Lawless and Horne 2000) , we tested ∼30 participants in each cohort. Study participants were tested one at a time so they could not observe how other participants completed the sorting task. To avoid any effect of learning on task completion, individuals were recruited for only one of the cohorts.
Stimuli
Samples were prepared in ethanol (95 %, USP, Koptec, King of Prussia, PA), with the exception of citric acid and quinine, which were prepared in reverse osmosis (RO) water. All samples were Food Grade (FG), Food Chemical Codex (FCC), Kosher, or US Pharmacopeia (USP) grade. Eugenol (12.2 mM), menthol (38.4 mM), allyl isothiocyanate (0.36 M), zingerone (vanillylacetone; 59.7 mM), quinine (4.1 mM), cinnamaldehyde (0.12 M), and carvacrol (0.27 M) were obtained from SAFC (St. Louis, MO, USA), citric acid (112 mM) from J. T. Baker (Phillipsburg, NJ, USA), capsaicin (100uM) from Sigma, eucalyptol (0.65 M) from International Flavors and Fragrances (Union Beach, NJ, USA), and huajiao (red extract; 5 % w/w) was a gift from Dr. Christopher Simons (Givaudan, Cincinnati, OH, USA). The concentrations used in this experiment were identified from previous literature using whole-mouth and filter paper stimulation methods and pilot tested by our research team. The final concentrations of the stimuli were determined to elicit similar levels of sensation intensity when delivered using our tasting protocol.
Solutions were made as stock concentrations and kept up to 3 weeks. Cotton swabs were saturated in stock solution and dried, cotton end up, with the wooden shaft pressed into blocks of florist's foam. Swabs impregnated with solutions in ethanol were dried for 3 h, an amount of time deemed appropriate for all of the ethanol to evaporate from the swabs, and solutions in water were allowed to dry for 10 h. All concentrations above are nominal. As in Green and Hayes (2003) , we did not control for differing rates of volatility across stimuli; nonethless, the relative concentrations should be roughly stable across participants as swabs were produced strictly following the same protocol each time. Swabs were tagged with three-digit blinding codes and stored in plastic zip-top bags for up to 1 week.
Procedure
Stimuli were presented, cotton end down, in glass culture test tubes. Each tube had two swabs in the tube and each stimulus had its own tube (11 test tubes total; see Supplemental materials for photograph). The presentation order was counterbalanced across participants to reduce any systematic influence of cross-or self-sensitization. Participants were instructed to pump 10 mL RO water (held at 35°C) into a medicine cup and then hold the swab in the water for 3 s, or until the swab was fully hydrated. They were instructed to roll the swab across their tongue three times, making sure to cross the midline, and then to rub the swab against the roof of their mouth three times. They then breathed in through their mouth three times, allowing air to pass over their tongue, and touched the tip of their tongue to the roof of their mouth three times. Participants were instructed not to rinse with water (RO water at 35°C) until after they had placed the sample into the group they deemed appropriate. During the 3-min interstimulus interval, participants rinsed ad libitum (at least twice) until no lingering sensation was perceived. This interval was determined in pilot testing to be sufficient to allow sensations to fully dissipate. Retasting was allowed; however, panelists were instructed that any retasting must be done in the same manner as the initial tasting, using a fresh swab, new medicine cup, and new water for each stimulus. They were also instructed that they must rinse with water and allow at least 3 min to pass between tasting samples, moving on to the next sample only when they did not feel that there was any lingering sensation. All samples and rinse water were expectorated.
As placeholders, participants used poker chips labeled with three-digit codes corresponding to the codes labeling the swabs to make their groupings. They were instructed to arrange the samples into groups based on the perceived similarities and dissimilarities such that two samples that were similar were in the same group and two samples that were dissimilar were in two different groups. Participants were told to form as many groups as they felt were appropriate with the only restrictions being that they must form between two and ten groups (number of stimuli-1), so that there was not one large group nor was each sample in an individual group of one. Participants were instructed to focus only on the sensation elicited by the stimulus and not any physical similarities or differences in the swabs or blinding code tags. Beyond this, the specific criteria on which these groupings were formed were left up to the participants. At the beginning of the protocol, participants were told that they did not need to assign names to the groups that they formed during sorting. After they tasted all of the samples and decided on a final configuration, participants entered their groupings into a web-based card-sorting program (Websort, UXPunk, Chicago, IL, USA, subsequently purchased by Optimal Workshop, Wellington, New Zealand and renamed OptimalSort). After the sorting task was complete, participants were asked to provide a description of each group to gain insight into how they discriminated the groups that they had formed from one another. In the description task, participants were told that they were able to use whatever attributes they felt necessary to differentiate between groups with the exception that two groups could not have identical descriptions.
In addition to the stimuli, participants were provided a notepad and pen to keep notes if they desired. They also received a sheet with the sampling directions outlined and a list of possible descriptors. Participants were reminded that this list was merely a starting point and was not a comprehensive list. They were instructed to not use the words if they did not feel that the words were appropriate to describe the sensation that they felt. The list of words included: anesthetizing, astringent, biting, bitter, burning, buzzing, cooling, drying, hot, irritating, itching, metallic, numbing, pricking, puckering, salty, sharp, sour, spicy, stinging, sweet, swelling, tickling, tingling, umami/savory, and warming. No definitions were provided. These words were chosen as a compilation of words used in previous research working with chemesthetic agents (Albin and Simons 2010; Bennett and Hayes 2012; Cliff and Heymann 1992) with the prototypical tastes added in. The list was presented in alphabetical order.
After the participants completed the sorting task, which took roughly an hour, they completed an online personality questionnaire consisting of Arnett's Inventory of Sensation Seeking (Arnett 1994 ) and the Food Involvement Scale (Bell and Marshall 2003) ; these results are reported elsewhere.
Data Analysis
Multidimensional scaling (MDS) was performed on dissimilarity matrices using The R Statistics Package (R Foundation for Statistical Computing). In R, we used the smacof library for MDS, the agnes function in the cluster library for cluster analysis, and the FactoMineR (Husson et al. 2007 ) library to calculate normalized RV coefficients (see below).
For individual participants, data from the free sorting task was put into a binary (0/1) matrix indicating whether two stimuli were grouped together or not. These values were summed across all participants and converted into a triangular similarity matrix showing counts of times that samples were paired together across all participants. By subtracting the triangular similarity matrix from the number of assessors in that group, this similarity matrix was converted to a dissimilarity matrix and submitted to MDS. The MDS procedure created iterations of a perceptual map given the submitted data, and at each step, a regression was applied to the perceptual map solution using Kruskal's algorithm (Kruskal 1964) . This regression generated a stress value, measuring the quality of fit of the model.
To determine the number of dimensions to be used in the multivariate configurations, we used a Scree plot with Kruskal's stress values shown as a function of the number of dimensions in the respective MDS solution. As the number of dimensions increases, the Kruskal's stress values decrease. The appropriate number of dimensions for the MDS solution was chosen as the point when the increase in dimensionality did not provide a meaningful decrease in stress, known as the Belbow^of the Scree plot. Additional dimensions were considered if they provided significant aid in the interpretation of the configuration. Generally, a stress level below 0.1 is considered an acceptable model fit (Krzanowski and Marriott 1994) . Using these criteria, two dimensions were determined to be most appropriate for the nose-open group (stress= 0.017), and three dimensions were determined to be most appropriate for the nose-pinched group (stress=0.002).
The RV coefficient (Robert and Escoufier 1976) , a multivariate generalization of Pearson's R 2 , is commonly used as a measure of similarity between the multivariate configurations. This coefficient ranges from 0 to 1, with 1 being more highly correlated than 0. Here, we used the normalized RV coefficient (NRV) because the number of stimuli in a group and dimensions in the perceptual map can influence the RV coefficient (Nestrud and Lawless 2008) . The NRV is interpreted similarly to a z-score, with a large score (>2) indicating significant similarity between the maps. The coeffRV function in FactoMineR also computes a p value for the comparison of maps.
In total, 24 distinct attributes were generated for the noseopen group, and 35 distinct attributes were generated for the nose-pinched cohort. Multiple regression was used to show the relationship between the generated attributes with the stimuli coordinates. The first step in this analysis is to generate a frequency matrix between the stimuli and the attributes that were generated during the descriptive task. The top six attributes for each stimulus were submitted to multiple regression. A linear model was used to predict the coordinates of each stimulus generated by MDS with the attribute frequency matrix. Regressing the stimulus coordinates on the attributes in this manner determines the placement of the attribute vectors in the final perceptual mapping configurations (Schiffman et al. 1981) . Attributes with p<0.1 in regression were considered meaningful and were plotted on the perceptual map.
Agglomerative hierarchical cluster analysis was conducted on the two matrices. This type of cluster analysis begins with each observation in its own cluster and merges the clusters oneby-one based on proximity until only one large cluster containing all observations remains. Agglomerative hierarchical clustering was used as opposed to the k-means nonhierarchical clustering method, as the advantages to using the k-means method manifest in samples with large amounts of data, which we do not have here. In keeping with previously reported studies (e.g., (Faye et al. 2004 ), we used agglomerative hierarchical clustering methods with Ward's minimum variance method as the linkage criteria in this study. To determine the appropriate number of clusters, a plot of amalgamation distance versus joining order was used. On this joining distance plot, large jumps in the amalgamation distance (similar to the elbow seen in the Scree plot) indicate items being joined in that step have increased dissimilarity as compared to previously joined items (see (Lawless 2013) for further explanation).
Results
Nose-Open Group Figure 1 shows the MDS configuration for the participants who conducted the task without nose clips (nose open). Based on the Scree plot, a two-dimensional solution was appropriate for these data, as adding a third dimension did not significantly reduce the stress or add interpretability (2D stress=0.017).
The nose-open group of participants generated 24 unique attributes. Significant attributes were anesthetizing/numbing, astringent/drying, burning, cooling, minty, pricking/stinging, puckering, sharp, sour, spicy, and warm. As shown in Fig. 1 , there are two roughly orthogonal axes on this plot. The first axis opposes burning and cooling, with the attributes burning, spicy, and pricking/stinging at one end, and the attributes cooling and anesthetizing/numbing at the other end. The second is an opposing puckering and warming axis, with the attributes puckering, sour, and astringent/drying at one end and warm at the other end. Minty seems to fall between the warm and the anesthetizing/numbing axes in this configuration.
Cluster analysis of sorting data produced six clusters (Figs. 2 and 3) . In Fig. 2 , allyl isothiocyanate and the zingerone-capsaicin cluster are along the burning axis and the eucalyptol-menthol group is at the cooling end of this axis. The eugenol-cinnamaldehyde, citric acid-huajiao, and quinine-carvacrol groups fell between these poles. With regard to the second axis, the eugenol-cinnamaldehyde group fell near the warming pole with the citric acid-huajiao group near the puckering pole. The agglomerative coefficient for this configuration is 0.83, indicating a strong clustering structure, as shown in Fig. 3 .
Nose-Pinched Group
Based on the Scree plot generated from MDS on the data generated by the nose-pinched group (N = 31), a threedimensional solution was appropriate for these data. Kruskal's stress for a two-dimensional solution is 0.018, an acceptable value, however, adding a third dimension added to the interpretability of the data and reduced the stress further (stress=0.002).
The nose-pinched group generated 35 unique attributes for this task. The significant attributes (p<0.1) were burning, cooling, hot, minty, nothing, pricking/stinging, refreshing, sharp, and spicy. In the three-dimensional solution, there are three main attribute vectors. See Fig. 4 for a three-dimensional representation of the space in Natta notation with clusters indicated over the MDS plot and Fig. 5 for an expanded view of each dimension with attribute vectors plotted over the MDS plot. The first attribute vector, burning, points slightly positive on dimensions 2 and 3 and runs parallel to dimension 1. This general vector is made up of the attributes burning, hot, pricking/stinging and spicy. The second dimension is Cluster analysis on the group data for the nose-pinched condition resulted in two distinct groups (Fig. 6 ). The first of the two groups consisted of carvacrol, zingerone, capsaicin, citric acid, cinnamaldehyde, menthol, and allyl isothiocyanate. The second group was made up of quinine, huajiao, eugenol, and eucalyptol. The agglomerative coefficient for this cluster analysis was 0.79, suggesting that the clustering structure was less well defined than the clusters in the noseopen group.
Normalized RV Coefficient
The normalized RV coefficient (NRV) was used as a measure of similarity between the perceptual maps (MDS plots). The NRV between the two-dimensional Bnose-open^map and the three-dimensional Bnosepinched^maps was 0.933. In this test, a significant p < 0.05 indicates Bsignificant similarity,^so the observed p value of 0.172 indicates the two maps are significantly different from one another. 
Discussion
Chemesthetic stimuli are particularly difficult to work with due to long decay times, the highly fatiguing nature of these compounds, and the possibility of sensitization and desensitization. This work suggests that with appropriate experimental considerations, free sorting can be successfully conducted with a number of chemesthetic stimuli in a reasonable amount of time. The results presented here also show that participants can attend to the task and can reliably differentiate between a number of chemesthetic stimuli.
Design Considerations for Stimulus Delivery
There are a number of difficulties when working with chemesthetic agents. Cross-and self-sensitization and desensitization (Cliff and Green 1996; Dessirier et al. 2001; Green 1989; Green 1991; Green and Hayes 2003; Green and Hayes 2004; Jancso et al. 1977; Klein et al. 2013; Prescott 1999; Simons et al. 2003) are common, and differing temporal profiles for these compounds (e.g., different onset times and decay rates) makes designing a single session study complex. As previous work shows, stimulus concentration and the interstimulus interval can significantly influence whether sensitization or desensitization is observed, so additional precaution in working with chemesthetic compounds is necessary (Green 1989; Green 1991; Prescott and Stevenson 1995; Prescott and Stevenson 1996a; Simons et al. 2003) .
To account for these difficulties, we delivered stimuli on swabs to multiple oral regions while limiting the total amount of stimulus in the mouth, and made the tasting protocol sufficiently long to allow for sensation onset prior to assessment. To ensure sufficient decay between samples, we used a minimum interstimulus interval of at least 3 min with rinsing ad libitum, even when retasting. The total sample number (11) was selected to allow participants to complete the entire task in a single 1-h session. In an effort to maximize the number of chemesthetic stimuli that were assessed and ensure that stimuli that spanned a range of various sensations were represented in the sample set, we included two prototypical tastants in the sample set. Based on previous literature suggesting that some individuals report bitter side tastes from capsaicin, we included quinine as one of the prototypical tastants (Green and Hayes 2003; Green and Hayes 2004) . Pilot testing was used to choose concentrations that were sufficient to evoke sensations rated as Bmoderate^on a general labeled magnitude scale. The concentrations used here were high enough to elicit a distinct sensation but low enough that the sensation typically dissipated within 3 min.
In addition to precautions taken to limit the area of stimulation and to maximize time between stimuli, the presentation order of the stimuli was counterbalanced across participants. With the interstimulus interval used here, it is possible that some degree of cross-desensitization was induced in participants, which could potentially alter the qualitative sensations of the stimuli, or more likely, serve to reduce the perceived intensities of the stimuli, which might alter the ability of these participants to determine differences between stimuli. That said, the resultant perceptual maps have face validity, suggesting that our participants have to distinguish between stimuli and describe them. Nonetheless, further research on the effect of desensitization on the outcome of a sorting task is warranted. When comparing the present results with stress values from sorting studies conducted using stimuli that do not sensitize or desensitize-words on cards (Bertino and Lawless 1993) , plastic pieces (Faye et al. 2004) , odors (Lawless 1989) , and grape jellies (Tang and Heymann 2002)-we see lower stress in solutions from both the nose-open and nosepinched cohorts (0.017 and 0.002, respectively). Collectively, the stress values and the fact that the stimuli differentiated across several axes indicate that participants in both cohorts were able to distinguish perceptual differences between the stimuli. Our results suggest that, with an appropriately designed protocol, it is possible to conduct sorting and mapping with chemesthetic agents.
When participants had all of their senses available to them, they appeared to use chemesthetic qualities as their primary criteria for sorting. These groupings tended to follow a biological basis, in agreement with the suggestion that activation of common receptors should elicit similar perceptual qualities (Bennett and Hayes 2012; Green and Hayes 2004; McNamara et al. 2005; Tominaga et al. 1998) . However, when comparing the nose-open and nose-pinched groups, it is obvious that perception in the nasal cavity (either olfaction or nasal chemesthesis) was a significant factor as well, providing important information to participants in the event that the qualities were either reliant on nasal airflow (e.g., cooling in eucalyptol), were difficult to feel (e.g., numbing associated with eugenol), or potentially novel (e.g., buzzing associated with huajiao). The heavy reliance on aroma sensations to distinguish the chemesthetic compounds from one another may reflect the complex nature of these stimuli, or alternatively, it may reflect that many people are not practiced in thinking about and describing these stimuli and thus have a limited lexicon for oral chemesthesis.
Nose Open
In total, the nose-open group generated 24 unique attributes for the 11 chemesthetic stimuli. Of these, 11 attributes were significant, and there were two opposing attribute vectors that described the sample space, the burning-cooling axis and the drying-numbing axis. For convenience, we refer to the ends of these axes as burning, cooling, drying, and warming, respectively, but in actuality, the perceptual space was described using a number of attributes that regression analysis showed were similar.
As would be expected, naive assessors in the nose-open group used burning, spicy, sharp, and pricking/stinging to describe sensations associated with allyl isothiocyanate, zingerone, and capsaicin, in contrast to eucalyptol and menthol, which were described as anesthetizing/numbing and cooling. The observation that terms like puckering, sour, and drying/astringent fell on similar vectors is not surprising, as organic acids are known to produce astringent sensations (Thomas and Lawless 1995) . Notably, the descriptor warm was relatively isolated on the plot (lying closest to minty), but orthogonal to the burning vector. This finding potentially contradicts the assumption that warming is merely a less intense version of hot and burning, indicating instead that warming and hot/burning sensations are perceptually distinct.
In these participants, allyl isothiocyanate, capsaicin, and zingerone all fall in the burning region of the plot as might be expected, given that each of these compounds have previously been described as producing hot, burning, and stinging sensations (Caterina et al. 1997; Dessirier et al. 1998; Green 1991; Green and Shaffer 1993; Karrer and Bartoshuk 1991; Karrer and Bartoshuk 1995; Prescott et al. 1993; Prescott and Stevenson 1996a; Prescott and Stevenson 1996b) . However, while these samples fall in the same region of the perceptual map, it is striking to note that in cluster analysis, allyl isothiocyanate only joins the capsaicin/zingerone cluster only at the highest level of the dendrogram. Previously, in both human behavioral and cell culture work, it has been suggested that compounds that elicit perceptually similar sensations would share common receptors, while compounds that elicit perceptually distinct sensations would elicit sensation via different mechanisms (Bennett and Hayes 2012; Green and Hayes 2004; McNamara et al. 2005; Tominaga et al. 1998) . Given that capsaicin and zingerone activate the TRPV1 receptor (Caterina et al. 1997; Szallasi and Blumberg 1999; Tominaga et al. 1998; Vriens et al. 2009) , it is expected that they might show perceptual similarities and that they would be grouped together. Historically, AITC has been thought to be exclusively a TRPA1 agonist (Bandell et al. 2004; Jordt et al. 2004; Story et al. 2003) , though more recent data indicate that AITC may somehow sensitize TRPV1 through TRPA1 activation (Bautista et al. 2006) or that it may act directly on TRPV1 (Alpizar et al. 2013; Everaerts et al. 2011; Ohta et al. 2007 ). Even though the mechanism has not been definitively identified, a large body of work shows that there is some type of interaction between the TRPA1 and TRPV1 receptors (Alpizar et al. 2013; Bautista et al. 2006; Doerner et al. 2007; Eckert et al. 2006; Fischer et al. 2014; García-Martínez et al. 2002; García-Sanz et al. 2004; Salas et al. 2009; Simons et al. 2003; Staruschenko et al. 2010; Zurborg et al. 2007 ). Considering the implicit (but often untested) assumption that activating common receptor leads to a common sensation, dual activation of TRPA1 and TRPV1 by AITC may explain the large distance on the dendrogram from the zingerone-capsaicin cluster and the close proximity on the perceptual map to this cluster of typical TRPV1 agonists.
At the opposite end of this first axis, near cooling and anesthetizing/numbing lays the menthol-eucalyptol cluster. Both menthol and eucalyptol activate TRPM8 and produce predominantly cooling sensations (McKemy et al. 2002; Peier et al. 2002a ). While cooling is the sensation commonly associated with menthol, prior work paradoxically describes it as being warming (Green 1985; Hatem et al. 2006) . Interestingly, millimolar concentrations of menthol have shown activation of TRPV3 (Karashima et al. 2007; Macpherson et al. 2006; Vogt-Eisele et al. 2007 ), a receptor that is implicated in the perception of warmth (Chung et al. 2014; Peier et al. 2002b; Xu et al. 2006) . Another receptor that reportedly responds to menthol is TRPA1. Interestingly, menthol's actions on this receptor show species-specific responses (Xiao et al. 2008) . In murine TRPA1 receptors, menthol activates the receptor at concentrations below 100 μM but inhibits the channel above this concentration; conversely, for human TRPA1, menthol acts as an agonist at all concentrations tested (up to 1000 μM). Although TRPA1 has been characterized as a cold receptor (Bautista et al. 2006; Karashima et al. 2007; Story et al. 2003) , this channel's role in cold sensing is debated (Bandell et al. 2007 ). Activation of human TRPM8, TRPA1, and TRPV3 by menthol might account for the placement of menthol at the approximate midpoint between the cooling and warming regions of the perceptual map, as activation of these receptors are presumably responsible for both cooling and warming sensations.
The fourth cluster, eugenol and cinnamaldehyde, associates with the warm region of the plot. Previously, eugenol has been described using a number of descriptors, including numbing, tingling, warming, burning, stinging, and pricking (Cliff and Heymann 1992; Green 2002; Klein et al. 2013; Wise et al. 2012) . As with other chemesthetic agents, eugenol activates a number of TRP receptors in vitro in a concentrationdependent manner, which may account for its diffuse perceptual nature. Among the receptors that are reportedly activated by eugenol are TRPA1, TRPV1, and TRPV3 (Bandell et al. 2004; Vogt-Eisele et al. 2007; Xu et al. 2006; Yang et al. 2003) . In contrast, cinnamaldehyde is thought to be a strict TRPA1 agonist (Bandell et al. 2004; Bautista et al. 2006; Calixto et al. 2005; Karashima et al. 2007; Macpherson et al. 2006; Talavera et al. 2009; Xu et al. 2006) . If one assumes the common receptor-common sensation assumption is at least partially correct, we would then expect eugenol and cinnamaldehyde to share perceptual space. Interestingly, other reported TRPA1 agonists like AITC and menthol do not share this space on the perceptual map. Additionally, we should note that cinnamaldehyde and eugenol shared qualitative descriptors referencing their associated spices use in baking applications. It seems likely that learned associations arising from frequent concurrent use of cinnamon and cloves in culinary applications may have influenced the grouping of these stimuli in addition to the purely chemesthetic sensations that these stimuli elicit.
The fifth and sixth clusters, huajiao and citric acid, and carvacrol and quinine, respectively, are more difficult to interpret. The huajiao/citric acid cluster is diffuse, with huajiao positioned along the anesthetizing/numbing, cooling axis and citric acid along the puckering, sour, astringent/drying axis. The placement of huajiao on the map and association with anesthetizing/numbing descriptions are expected, as this placement is consistent with prior reports that hydroxyl-alphasanshool (the compound primarily responsible for the sensation elicited by huajiao) and its derivatives elicit numbing and tingling sensations (Albin and Simons 2010; Bader et al. 2014; Galopin et al. 2004; Yang 2008; Yasuda et al. 1982) . Similarly, it is unsurprising that citric acid was described as puckering and sour. On this basis, these two compounds would not seem to be similar enough to be grouped together, at least initially. However, it is possible that citrusy/lemon-like associations of these compounds likely resulted in participants grouping these stimuli. A key component in the aroma of huajiao extract is limonene, a compound that is also a key component in the aroma of orange juice (Jiang and Kubota 2004; Yang 2008) . Indeed, huajiao was described as having a distinct lemon taste by some participants, and citric acid is presumably associated with citrus aromas via learned associations. We should also note that our participants had some difficulty describing the sensation elicited by huajiao, generating 17 different descriptors to describe this sample. Additional work with isolated compounds (e.g., hydroxyalpha-sanshool or synthetic analogues like isobutylalkenyl amide) is warranted.
The final cluster includes stimuli described as bitter: carvacrol and quinine. Both of these compounds were difficult for participants to characterize with any consensus, with 14 distinct attributes generated for carvacrol and 10 attributes for quinine. It is surprising that participants had such difficulty describing quinine, a prototypical bitterant, as participants were aware that they could use taste qualities as descriptors. Examining the dendrogram, this cluster's closest neighbor is the capsaicin-zingerone cluster, indicating that some individuals may have also experienced bitterness from these two compounds, a finding that would align with previous work (Green and Hayes 2003; Green and Hayes 2004) .
Nose-Pinched
Both to allow comparison to previous work (Cliff and Heymann 1992) , and because a sufficient number of individuals in the nose-open cohort used descriptors referencing aromas, we conducted a second experiment where a new cohort of participants completed the sorting task while wearing nose clips. The clips served to occlude the nasal passages and minimize any ortho-or retronasal odors, or nasal chemesthesis that may influence the participants.
For the nose-pinched map, a three-dimensional solution was found to be most appropriate, as the third dimension greatly enhanced interpretability. Overall, there were 35 distinct attributes generated by this group. Significant attributes in regression included burning, hot, spicy, pricking/stinging, refreshing, cooling, and Bnothing.^In general, there were three representative dimensions. The first vector was Bburning,^consistent of the descriptors burning, spicy, hot, and pricking/stinging. The second was Bcooling,^consisting of cooling and refreshing, and the third vector consisted of the attribute participants denoted as Bnothing.^It is notable that the nose-pinched cohort generated more attributes than the nose-open cohort. A possible explanation for this may be that when individuals are less certain about the identity of the origin of the sensation (i.e., mustard or cinnamon), they are more inclined to use more terms to describe what they perceive. Indeed, more individuals in the nose-open group attempted to identify the food associated with the compound (data not shown).
Agglomerative hierarchical clustering of the nose-pinched cohort's data indicated two large groups were present in the perceptual space. Crudely, these two clusters appear to map onto the participants ability or inability to readily identify a taste or chemesthetic sensation. The first cluster, with distinct perceptual qualities, contains citric acid, cinnamaldehyde, zingerone, capsaicin, carvacrol, menthol, and allyl isothiocyanate (AITC). This cluster encompasses over half of the plot, covering the regions described by the burning and cooling vectors. The second cluster includes huajiao, eugenol, eucalyptol, and quinine; this cluster falls on the region of the plot characterized by the descriptor Bnothing.^In contrast to the nose-open group, the nose-pinched group had far fewer clusters. In addition, it is notable that the stimuli put into the Bnothing^group by the nose-pinched cohort are the same stimuli the participants in the nose-open cohort tended to cluster together based on olfaction rather than chemesthesis. It seems possible that Bnothing^may not refer to the absence of sensation, as these concentrations were sufficient to elicit sensation in pilot testing, but rather that participants used Bnothing^to represent the lack of a clearly identifiable chemesthetic sensation. The dominant sensations associated with eugenol, huajiao, eucalyptol, and menthol are numbing and cooling, although menthol may produce additional, clearly identifiable burning sensation at the concentration used here. As Breslin et al. (1993) suggests, there are some oral stimuli that require movement in order to produce an identifiable sensation. The lack of retronasal airflow in the nose-pinched cohort may have made the numbing and cooling sensations of eugenol, eucalyptol, and huajiao difficult to identify in the nose-pinched cohort, leading to the identification of these sensations as Bnothing.^Accordingly, future work should carefully consider whether to use nose clips, depending on the question of interest. Additional work to explore the role of retronasal airflow in the perception of chemesthetic stimuli would also be beneficial.
Concerning some of the more volatile components, such as eugenol, cinnamaldehyde, eucalyptol, and AITC, where nasal perception may have played a role in the sorting task (in the nose-open cohort), there were differences between descriptors generated by the nose-open and nose-pinched cohorts. In all cases where attributes describing nasal perception seemed to play a significant role in the sorting decisions of study participants, such as with eugenol, AITC, and cinnamaldehyde, these descriptors were absent in the nose-pinched cohort. For stimuli such as capsaicin, where we expect no nasal input, there was no difference between the nose-open and nosepinched cohorts. Interestingly, in the nose-pinched cohort, cinnamaldehyde was not described as warming by any of the study participants. It may be possible that since there was a general tendency in the nose-pinched cohort to use the term Bhot^more often (7 individuals used the term in the nose-open cohort while 37 individuals used the term in the nose-pinched cohort), that the Bwarming^description was interpreted as Bhot^by these individuals, but this finding merits further investigation.
Summary, Limitations, and Conclusions
Overall, the results presented here do not support or refute the common assumption that compounds which activate common receptors will elicit common perceptual sensations (Bennett and Hayes 2012; Green and Hayes 2004; McNamara et al. 2005; Tominaga et al. 1998 ). While we were not specifically attempting to test this assumption here, it provides a potentially useful framework to consider the perceptual maps generated here. The grouping of stimuli by the nose-open cohort generally followed their presumed biological basis, but many participants appeared to use aromas as a factor in some of their groupings. These results may reflect the complexity of chemesthetic stimuli, which often elicit multiple sensations, or the complexity of the sensations themselves and the limited vocabulary that most people have to describe these percepts.
While the idea that common receptors lead to common sensations is intuitively appealing, widespread, and often unchallenged, this assumption, whether implicit or explicit, may be overly reductionist. That is, because neurons may express more than one receptor type, and because neurons converge as they project centrally, a simple labeled line model may not be appropriate for chemesthesis. Moreover, many chemesthetic agents activate diverse receptors in cell culture, so it is also important to keep in mind several caveats when interpreting human behavioral data in the context of cell-based evidence. Foremost is the potential for different levels of expression and differing sensitivity of receptors across species or cell preparations (Bandell et al. 2007; Klein et al. 2011; Riera et al. 2009 ). Furthermore, receptor proteins may form heteromeric dimers and tetramers in native systems, so data from the cell culture work should be interpreted cautiously to avoid reductionism, as heteromers show altered functionality that cannot be replicated in heterologously expressed systems (Cheng et al. 2012; Fischer et al. 2014) . Critically, data on (a) species specific differences in TRP channel responses and (b) differences between ganglia are lacking, and additional multidisciplinary research is needed to enhance our understanding of chemesthesis. Accordingly, while in vitro work in cultured cells is critical to elucidate molecular mechanisms, behavioral work is also required as it provides additional insight into how perception relates to these molecular mechanisms within the whole organism.
While substantial efforts were taken to minimize the occurrence of desensitization or sensitization within or across stimuli, our protocol did not specifically test for these phenomena. In pilot testing by our team, 3 min was appropriate for all sensation to dissipate, without any obvious influences on the sensation from the next stimulus; however, there are differences in individual sensitivity to these compounds, as well as individual differences in the onset and offset of desensitization or sensitization. Thus, we cannot say with certainty that desensitization did not occur here. More work exploring the extent of desensitization or sensitization in a stimulus delivery protocol such as that presented here is warranted. Nonetheless, even if some degree of desensitization or sensitization was present in our participants, which would presumably dampen the differences between stimuli, the core goal of this study-to explore perceptual similarities and differences of chemesthetic compounds in naive assessors-was still successful.
Here, considerable efforts were taken to ensure that the delivery system and sampling method of the stimuli provided adequate stimulation that was consistent across all participants while limiting potential carryover; that said, it is possible that there was variation stimulus concentration that was not accounted for. Given manufacturing tolerances on the amount of cotton on each swab, some swabs may have absorbed different amounts of water, which would influence the concentration of the stimulus being delivered. In addition, because we did not control for differing rates of volatility across stimuli, the delivered concentration may not exactly match that of the stock solution. As participants followed a strict sampling protocol under direct observation of the experimenter, and the variation in swab volume was minimal, we do not anticipate that these factors would significantly alter the outcome of the experiment.
While we did observe a few instances where olfaction and learned associations appeared to influence the participants' sorting decisions (i.e., the pairing of eugenol, in cloves, and cinnamaldehyde, in cinnamon, or the pairing of huajiao with citric acid), the perceptual map from the nose-open cohort generally aligned with the putative biological mechanisms believed to underlie these sensations. In the nose-pinched cohort, only two clusters appeared, indicating that the map did not relate as easily to a simple biological interpretation. There are a number of factors that suggest wearing a nose clip made it more difficult for participants to evaluate the stimuli, making the task more difficult to complete. These include the higher variance in the nose-pinched cohort, a lower level of consensus regarding attributes, and the presence of only two clusters. It seems likely that with fewer sensory modalities to draw upon for information about the stimuli, it was more difficult for participants to differentiate between them, resulting in fewer groups being formed. It is also possible that due to fewer recognizable differences between stimuli in the nose-pinched condition, the memory load of the task was more difficult as compared to the nose-open condition. Prior literature suggests a key difference between naive assessors and trained or expert assessors may be the enhanced memory of trained or expert assessors (Chollet et al. 2005; Nestrud and Lawless 2010; Parr et al. 2004 ). Here, we provided both cohorts of naive (non-expert) assessors with a comprehensive list of terms at the onset of the protocol to ensure that all participants were starting from the same point. While we do not anticipate that this had a significant effect, future work comparing the outcome of sorting with chemesthetic stimuli in the absence of such a list may be worthwhile.
Overall, this study suggests that free sorting procedures can be successfully completed using chemesthetic agents with naive participants with all senses available to them. In designing this study, we took into account a number of considerations to reduce the potential for cross-or self-sensitization and desensitization to occur while still evoking sufficiently intense chemesthetic sensations. These design considerations include the delivery method, concentrations, tasting method, and interstimulus interval; nonetheless, we cannot rule out that participants in this study were not in a partially desensitized state given repeated exposure to chemesthetic stimuli. Compared to working with tastants and odorants, the number of stimuli that can be used for a sorting task is significantly lower when working with chemesthetic agents, but it remains feasible. We also demonstrate that naive participants without prior training can consistently differentiate between the perceptual qualities of different chemesthetic agents.
